The endogenous ligand of guanylyl cyclase C, guanylin, is produced as the 94-amino-acid prohormone proguanylin, with the hormone guanylin located at the COOH terminus of the prohormone. The solution structure of proguanylin adopts a new protein fold and consists of a three-helix bundle, a small three-stranded ␤-sheet of two NH 2 -terminal strands and one COOHterminal strand, and an unstructured linker region. The sequence corresponding to guanylin is fixed in its bioactive topology and is involved in interactions with the NH 2 -terminal ␤-hairpin: the hormone region (residues 80 -94) partly wraps around the first 4 NH 2 -terminal residues that thereby shield parts of the hormone surface. These interactions provide an explanation for the negligible bioactivity of the prohormone as well as the important role of the NH 2 -terminal residues in the disulfide-coupled folding of proguanylin. Since the ligand binding region of guanylyl cyclase C is predicted to be located around an exposed ␤-strand, the intramolecular interactions observed between guanylin and its prosequence may be comparable with the guanylin/receptor interaction.
results in an increased level of intracellular cGMP. Subsequent activation of the cystic fibrosis transmembrane conductance regulator leads to increased secretion of fluid and electrolytes into the intestinal lumen. The first identified intestinal peptide hormone regulating GC-C activity and thus electrolyte and fluid secretion in the intestine is termed guanylin (1, 2) .
In circulation, unlike other regulatory peptides, guanylin predominantly occurs as the corresponding 94-amino-acid prohormone, with the hormone located at its very COOH terminus (3) . Human proguanylin exhibits only negligible GC-C-activating potency (4) , and the in vivo active hormone is thought to be the 15-residue fragment proguanylin (residues 80 -94) as originally isolated. This fragment would be released from the prohormone by cleavage of the Asp-79 -Pro-80 bond (4) . This cleavage, however, also occurs under conditions applied during the original isolation procedure (1, 4) , and it is thus still unclear whether Asp-79 -Pro-80 is the relevant in vivo processing site. For its biological activity, i.e. GC-C binding and activation, the hormone requires its two disulfide bonds to be connected in a 1-3/2-4 pattern (5). This unique cysteine connectivity, however, allows formation of two interconvertable topological stereoisomers (6) , with only one of them (A-form) showing biological activity (7) . It has been shown that the prohormone sequence is essential for the disulfide-coupled folding of the hormone (4) since oxidative folding of reduced fragment proguanylin (residues 80 -94) almost completely results in the formation of two inactive disulfide isomers. This crucial role of the hormone prosequence for proper folding was also demonstrated for the closely related uroguanylin prohormone (8, 9) .
Unfortunately, only little structural information on prohormones in general is available, and apart from different miniproinsulin mutants, no three-dimensional structure of any prohormone has been deposited in the Protein Data Bank (PDB) yet. Thus, the crucial questions are still open: What is the overall topology of the prohormone? Does the hormone part of proguanylin (residues 80 -94) show structural features comparable with those of the active hormone, i.e. is its topological isomerism already present in proguanylin? How can the negligible GC-C-activating potency of the prohormone be explained? Why are the NH 2 -terminal residues important for disulfidecoupled folding? Also, is the proposed processing site to release the hormone exposed to allow attack of a putative proteinase?
In this study, we report the solution structure of proguanylin. In addition, by comparison of the intramolecular interactions found within the proguanylin structure with the proposed ligand binding region of the extracellular domain of the guanylin receptor GC-C, we suggest a mechanism of the guanylin/GC-C interaction.
EXPERIMENTAL PROCEDURES
Sample Preparation-Recombinant proguanylin was expressed as thioredoxin fusion protein in Escherichia coli AD494 (DE3) (Novagen, Madison, WI) and purified as described (10 C-glucose using the same purification protocol. As the expression strain lacks the capability to synthesize leucine, 15 N-labeled leucine was added to the medium according to the manufacturer's instructions (Novagen). For NMR sample preparation, freezedried protein was dissolved to final concentrations of 0. P) triple or quadruple resonance probes with pulsed-field gradient capa-* This work was supported by the Deutsche Forschungsgemeinschaft (DFG MA2317-1). Grants from the "Fonds der Chemischen Industrie" (to P. N. and P. R.) and from the State of Bavaria (to U. C. M.) are gratefully acknowledged. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The 1 The abbreviations used are: GC-C, guanylyl cyclase C; GC-C ECD , extracellular ligand binding domain of GC-C; PDB, Protein Data Bank; TOCSY, total correlation spectroscopy; NOE, nuclear Overhauser effect, also used for NOESY cross peak; NOESY, nuclear Overhauser spectroscopy; HSQC, heteronuclear single quantum coherence; HMQC, heteronuclear multiple quantum correlation spectroscopy; r.m.s.d., root mean square deviation.
bilities except for the 13 C-NOESY-HSQC, which was recorded on a Bruker Avance800 NMR spectrometer (Bruker, Zü rich, Switzerland) equipped with an inverse 1 Quadrature detection in the indirectly detected dimensions was obtained by the States-TPPI method (36, 37) or by the echo-antiecho method (38) if coherence selection with gradients was employed (35, 39) . Carbon pulses were typically applied as band-selective rectangular, BURP (40) , or Gaussian cascade (41) pulses for discriminating aliphatic and carbonyl resonances (42) . , GARP (44) , and MLEV-4 expanded off-resonant Gaussian pulse cascades (45) were employed for broadband 1 H, broadband 13 C or 15 N, and band-selective 13 C heteronuclear decoupling, respectively. Multidimensional NMR data were extrapolated to up to twice the acquisition time by linear prediction in one of the 13 C or 15 N indirect dimensions, apodized by multiplication with squared sine bells shifted by 60 -90°, and extended to at least twice the length by zero-filling in all dimensions prior to Fourier transformation. The baseline in the direct dimension was corrected using a modelfree algorithm (46) . The NMR data were processed using in-house written software (47) and analyzed with the program packages NMRView (48) and NDEE (SpinUp Inc., Dortmund, Germany).
1 H chemical shifts were referenced with respect to external 2,2-dimethyl-2-silapentane-5-sulfonic acid in D 2 O, and 13 C and 15 N chemical shifts were referenced indirectly (49) .
Structure Calculation-Distance restraints for structure calculation were taken from the 15 N-NOESY-HSQC spectrum for NOEs involving amide protons and from the 13 C-NOESY-HSQC spectrum and homonuclear NOESY spectra for NOEs between aliphatic and aromatic protons.
3 J(H N ,H ␣ ) coupling constants were calculated from cross-peak to diagonal peak intensity ratios in the HNHA spectrum and corrected by a factor of 1.05 to account for the different relaxation rates of the in-phase and the antiphase component (12) , as well as from line-shape analysis of the antiphase cross-signal splitting in a high digital resolution double quantum filtered (DQF)-COSY spectrum using a Lorentzian function for peak fitting.
The non-trivial unambiguous NOESY cross-peaks used for structure calculation were classified manually according to the relative intensities and converted into upper distance constraints: strong, 2.7 Å; medium, 3.5 Å; and weak, 5.0 Å.
3 J(H N ,H ␣ ) coupling constants were converted into -angles according to the Karplus equation as described (50) . All 11 proline residues were considered to have trans conformation as evidenced by characteristic C␤ and C␥ chemical shifts (51) , unambiguous H␣(i) Pro-H␦(iϩ1) NOE signals in the 13 C-NOESY-HSQC, and two-dimensional NOESY spectra and the fact that H␣(i) Pro-H␣(iϩ1) and HN(i) Pro-H␣(iϩ1) connectivities were absent (52) . Disulfide bonds were taken into account by one NOE distance restraint d SS ϭ 2.02 Ϯ 0.10 Å) for each disulfide bond. Hydrogen bonds were selected as described (50, 53) and introduced into the calculation by two distance restraints each (54) .
Structures were calculated with X-PLOR 3.851 (50, 55) using a three-stage simulated annealing protocol (56) with floating assignment of prochiral groups (57) . To improve the stereochemical quality of the structures, a modified conformational data base potential for backbone and side chain dihedral angles was used (58, 59) . The simulated annealing was followed by 1200 steps of energy minimization, with the final 1000 steps without conformational data base potential.
Ambiguities in the NOE cross-peak assignments were solved in an iterative approach using several rounds of structure calculations with subsequent distance analysis. Dihedral angle and hydrogen bond constraints were introduced in later rounds of the structure calculation. Of the 120 structures resulting from the final round of structure calculation, the 40 structures with the lowest overall energies and experimental restraint violations were selected for refinement using additional restraints from residual dipolar couplings: a previously described grid search procedure (53) was applied to obtain the axial component and rhombicity of the alignment tensor using the tensor components of the structures calculated without residual dipolar couplings as starting values. The selected structures were refined using the value of the alignment tensor with the best agreement between measured and calculated residual dipolar couplings. Refinement comprised simulated annealing with a harmonic X-PLOR potential energy term for the dipolar couplings included in the target function of the simulated annealing protocol during the cooling stages. The force constant of the alignment tensor was increased gradually from 0.01 to 1.0 kcal mol
Ϫ1

Hz
Ϫ2 . After refinement, the 30 structures with the lowest overall energies and restraint violations were used for further characterization. The geometry of the structures as well as elements of secondary structure were analyzed using PROCHECK (60) and MOLMOL (61) . MOLMOL (61) was used for visualization of the structure data.
Data Bank Accession Numbers-The coordinates and NMR restraints have been deposited in the Protein Data Bank (PDB accession number: 1o8r), and chemical shift values and coupling constants have been deposited in the BioMagResBank (accession number: 5603).
RESULTS
Structure Determination-Based on an almost complete sequence-specific assignment of the backbone (Fig. 1) as well as the side chain resonances of recombinant proguanylin (only the spin system of Leu-47 could not be assigned due to severe spectral overlap), a total of 700 experimental restraints were derived from the NMR spectra. All distance restraints are intramolecular, as natural (i.e. proguanylin isolated from human blood ultrafiltrate) as well as recombinant proguanylin are monomeric in solution at concentrations used for the NMR experiments (10) .
The experimental restraints consist of 591 distance constraints that were derived from the NOE data in an iterative manner, 30 dihedral angle constraints, 24 hydrogen bonds, and 55 residual dipolar couplings (Table I) . 457 NOEs detected in the 15 N-NOESY-HSQC could be used as distance restraints, and 65 distance restraints could be obtained from the 13 C-NOESY-HSQC spectrum. Additional experimental restraints were derived from the two-dimensional NOESY and COSY spectra of natural proguanylin, providing 69 non-redundant NOEs and 11 3 J(H N ,H ␣) coupling constants. These restraints were particularly valuable, as they mainly involved long range interactions between aromatic and/or aliphatic side chains that form a hydrophobic core. From the family of 120 structures of the final round of calculations, the 40 structures with the lowest overall energies were chosen for refinement using 55 structures used for refinement, the 30 lowest energy structures were chosen to represent the solution conformation of proguanylin (Fig. 2) . These structures show only small deviations in overall energies and r.m.s.d. values from ideal geometry (Table  I) . This is also confirmed by the PROCHECK analysis (60) , showing favorable backbone conformations for almost all residues of the 30 structures with 80.5% of the non-glycine and non-proline residues in the most favored regions and 18.5% in additional allowed regions of the Ramachandran plot. The structures show no distance violations greater than 0.13 Å and no dihedral angle restraint violations greater than 5°.
The best fit backbone superposition of the 30 lowest overall energy structures of proguanylin (Fig. 2) (Table I) .
Description of the Proguanylin Structure-The solution structure of proguanylin consists of a three-helix bundle and a small triple-stranded antiparallel ␤-sheet of two strands at the NH 2 terminus (Thr-2 to Gln-4, Ser-9 to Phe-10) and one strand at the very COOH terminus (Cys-91 to Thr-92; Figs. 2 and 5A) . The relative orientation of these structural elements is fixed by a hydrophobic core (Phe-10, Val-15, Leu-18, Phe-53, Leu-57, Leu-60, and Leu-73) whose rigidity is reflected by a high number of long range NOEs (Figs. 2 and 3B ). Three regular ␣-helices (Leu-12 to Lys-17, Leu-57 to Lys-62, Ala-66 to Glu-78) are evidenced by several ␣N(i, iϩ4) NOEs with helix 2 preceded by a short 3 10 -helix turn from Pro-54 to Glu-56.
The linker region (Gln-22 to Pro-45) connecting the first two helices is less well defined (Fig. 2) , as evidenced by high local r.m.s.d. values (Fig. 3A) , a relatively low number of detectable NOEs (Fig. 3B) , and a rapid solvent exchange of the amide protons. The values of the { 1 H} 15 N heteronuclear NOEs for the amide protons of Gln-22 to Val-44 are all smaller than 0.6 with the lowest value of 0.08 for Ile-38, clearly indicating a significantly increased inherent flexibility of the N-H vectors on a pico-to nanosecond time scale (Fig. 3C) (62) . DISCUSSION The roles of the prosequences for the disulfide-coupled folding and biological activity of the related peptide hormones guanylin and uroguanylin have been investigated previously (4, 8, 9) , but the oligomerization state of both prohormones was unclear. In a recent study, we showed by analytical ultracentrifugation that proguanylin is monomeric in solution up to the millimolar range (10), the concentration used for the NMR experiments. This result evidenced that all distance restraints that were derived from the NMR data are intramolecular. Additionally, we could show that natural and recombinant proguanylin that were both used for structure determination feature identical biophysical and biochemical properties, although recombinant proguanylin possesses an additional Gly and Pro residue at its NH 2 terminus (10).
Relevance of the NH 2 -terminal Residues in the Disulfidecoupled Folding of Proguanylin-A major function of the guanylin prosequence is the disulfide-coupled folding of this peptide hormone (4).
In vitro folding experiments with proguanylin lacking the first 31 amino acids almost exclusively resulted in products with non-native disulfide connectivities (4). A similar observation was made for the related uroguanylin precursor protein, where correct oxidative folding is prevented on truncation of the first 6 residues in vitro and in vivo (9) . Residues Thr-2 to Gln-4 form the central strand of the triple-stranded ␤-sheet connecting the termini (Figs. 2, 5A , and 6), and truncation of the first 6 residues corresponds to deletion of the first ␤-strand, leading to loss of the interaction between the termini. These tertiary contacts have been shown to be sufficient for the proper conformation of the hormone part (see below), which is likely to be a requisite for generation of the correct disulfide connectivities.
In Its Precursor Protein, Guanylin Adopts the A-form Topology-The originally isolated hormone guanylin is a 15-aminoacid peptide corresponding to proguanylin (residues 80 -94). It possesses two disulfide bonds in a 1-3/2-4 connectivity that are essential for its bioactivity (1, 5) . Although this disulfide pattern is unique, guanylin is able to form two interconverting topological stereoisomers (6) , with only one of them, the Aform, showing significant biological effects (7) .
The two isomers are defined by the relative orientation of the loop between the central cystein residues (corresponding residues of the prohormone: Cys-86 and Cys-91) toward the plane formed by the disulfide bonds (6) . Both isomers can be distinguished by their distinct sets of spin systems (6, 7). For residues 80 -94 of proguanylin, only one set of spin systems could be identified in the NMR spectra with chemical shifts similar to those observed for the A-isomer (Fig. 4) : for residues exhibiting the most pronounced differences between the H␣ secondary chemical shifts of guanylin isomers A and B, the corresponding residues of proguanylin are more similar to the A-isomer. The same applies for the amide proton shifts (data not shown). Noticeable chemical shift differences between both guanylin isomers and proguanylin residues 82-84 (upfield shift) and 91-93 (downfield shift) are due to secondary structural ele- ments, i.e. a helical turn (residues 81-84) and the COOHterminal ␤-strand (residues 91-92) (Figs. 4 and 5) .
Since the NMR spectra show several additional peaks of weaker intensity (Fig. 1) , these resonances were examined according to a second hormone topology. However, these additional resonances are due to cis-trans isomerization of the 6 proline residues present in the unstructured linker region and to small conformational differences in disulfide bond geometry. Therefore, it is evident that the topological isomerism found for the mature peptide is not present in the precursor protein. In the experimentally determined proguanylin structure, the orientation of the residues corresponding to the central loop region (Ala-87 to Ala-90) is similar to that found for the A-isomer of guanylin (Fig. 5, B and C) : the r.m.s.d. value between the backbone heavy atoms of proguanylin residues 82-94 (Fig. 5B ) and the guanylin A-form ( Fig. 5C ; PDB accession number 1gna) is 1.62 Å, whereas the r.m.s.d. value for the guanylin B-form (PDB accession number 1gnb) is 5.09 Å.
The A-isomer topology is stabilized in a way that the hormone region of proguanylin partly wraps around the NH 2 -terminal ␤-strand, with residues Val-1 and Val-3 positioned below the plane formed by the disulfide bonds (Cys-83-Cys-91/ Cys-86 -Cys-94) (Fig. 6) . As a result, in addition to the ␤-sheet typical backbone/backbone interactions between the hormone part (residues 80 -94) and the NH 2 terminus, further backbone/ backbone, backbone/side chain, and side chain/side chain interactions are present (Fig. 6) , as verified by several NOE connectivities, mainly involving residues Val-1 to Gln-4, Cys-86, and Ala-90 to Cys-94. Assuming a hypothetical B-form topology, similar interactions between the hormone part and the prosequence would be sterically unfavored. Thus, the interactions between the termini together with structural features of the prosequence seem to be a commensurate condition for the stabilization of the A-form topology within proguanylin (Fig. 6) .
Possible Causes for the Missing Bioactivity of ProguanylinAlthough proguanylin residues 80 -94 exhibit the bioactive Aisomer topology, the prohormone is almost inactive with respect to GC-C activation (4) due to a significantly decreased receptor binding affinity (63) . In contrast, the 32-amino-acid fragment proguanylin (residues 62-94) is able to bind to GC-C with an affinity similar to the biologically active proguanylin (residues 73-94) (63, 64) but is inactive in a T84/cGMP assay (4). As outlined above, the first NH 2 -terminal residues of proguanylin including the first ␤-strand shield part of the hormone surface (Fig. 6) , which is therefore not accessible for contacts to GC-C, explaining the significantly decreased receptor binding affinity. This intramolecular interaction is not possible in the NH 2 -terminally truncated fragment proguanylin (residues 62-94), which is therefore able to bind to GC-C. Thus, its missing activating potency might be due to sterical properties of the ligand/receptor interaction: for the natriuretic peptide clearance receptor (CNPR) with a ligand binding domain homologous to GC-C, the ligand binds to a cleft formed by the two monomer halves of the dimeric receptor (65) . Assuming a similar situation for GC-C, which is, like CNPR, an oligomer prior to ligand binding, the conformational changes necessary for receptor activation might be influenced by the size of the ligand. Further proof of this hypothesis, however, requires structure determination of the guanylin/GC-C complex.
Interaction of Guanylin with Its Receptor GC-C-The extracellular ligand binding domain of GC-C (GC-C ECD ) is proposed to adopt a periplasmic binding protein (PBP) type I-like fold (66) and is predicted (67) to be structurally similar to the dimerized ligand binding domains of the natriuretic peptide clearance receptor (CNPR; PDB accession number 1jdp) and the guanylyl cyclase-coupled atrial natriuretic peptide receptor (PDB accession number 1dp4). Mapping of the known biochemical data (68 -70) on a structural model of GC-C, which is based on these two receptor structures (data not shown), restricts the ligand binding region to a sequence around an exposed and accessible ␤-strand. Since in its prohormone form guanylin FIG. 5 . Schematic representation of the proguanylin structure. A, schematic drawing of a representative structure of proguanylin indicating elements of regular secondary structure (for elements of regular secondary structure, the same color code is used as in Fig. 2) . Disulfide bonds between residues 48 -61, 83-91, and 86 -94 are displayed in yellow. B, A-isomer topology of the hormone region of proguanylin (residues 80 -94). As compared with the view in A, the molecule is rotated by 90°around a vertical axis and zoomed. C, guanylin A-isomer (6) (PDB accession number 1gna) (figure generated with MOLMOL (61)). binds to the NH 2 -terminal residues and forms an intramolecular triple-stranded ␤-sheet (Figs. 5 and 6) , it is likely that the same kind of interaction is present in the binding of guanylin to its receptor.
Analysis of Possible Proteinase Cleavage Sites-The native processing site to release the bioactive hormone from its prosequence could not be identified so far as the originally isolated and bioactive 15-residue guanylin can be released from the prohormone by acidic cleavage of an Asp-Pro bond (4), a process that also occurs under conditions applied during the original isolation procedure (1, 4) . In the proguanylin structure, this Asp-79 -Pro-80 bond is located in the exposed linker region between helix 3 and residues 80 -94 (Fig. 5) , allowing attack of a potential proteinase without unfolding of the protein. However, no such proteinase has been identified yet. Processing of proguanylin by trypsin digestion results, among others, in the COOH-terminal fragment proguanylin (residues 73-94), which possesses the same biological activity as proguanylin (residues 80 -94) (64) . The corresponding cleavage site is located at the outside of helix 3 and partly solvent-accessible. This may well mean that Arg-72-Leu-73 is the relevant in vivo processing site.
Proguanylin Adopts a New Protein Fold-Only few structural studies on prohormones are published, and of these, only the three-dimensional structures of mini-proinsulin mutants (PDB accession numbers: 1efe, 1sjt, 1sju) have been deposited in the PDB. Analyzing the sequence of proguanylin with 3D-PSSM (67), a program that is able to recognize remote protein sequence homologues as well as structural relationships, no structural homologue with a significant score was found. A DALI protein structure comparison search (71) with the experimentally determined structure of proguanylin came up without a result, strongly supporting the suggestion that proguanylin adopts a new protein fold.
The Related Prouroguanylin Likely Adopts a Fold Similar to Proguanylin-For the related peptide hormones guanylin and uroguanylin, a similar equilibrium between two topological stereoisomers (A-and B-form) can be observed (6, 72) , and both peptides adopt similar three-dimensional structures (guanylin, PDB accession numbers: 1gna, 1gnb; uroguanylin, PDB accession numbers: 1uya, 1uyb). Furthermore, an essential contribution of the prosequences of both hormones to the in vitro disulfide-coupled folding was demonstrated (4, 8, 9) . Additionally, digestion of prouroguanylin with endoproteinase Arg-C and subsequent high performance liquid chromatography analysis showed that the uroguanylin A-form was released exclusively (8) . This is similar to the hormone topology observed in the proguanylin structure (Fig. 5B) . Alignment of the two protein sequences reveals a sequence identity of 35% (Fig. 7) . The main difference is a deletion of 7 amino acid residues in the central sequence stretch, located in the flexible linker region of the proguanylin structure. Furthermore, the predicted secondary structure of prouroguanylin closely resembles the experimentally determined one of proguanylin (Fig. 7) . Taking all these findings together, proguanylin is a suitable template for homology modeling of prouroguanylin, resulting in similar three-dimensional structures for both proteins (model not shown).
We conclude that the two reported functions of the guanylin prosequence, i.e. inactivation of the hormone region and disulfide-coupled folding, are mediated by interactions between NH 2 and COOH terminus: the interstrand contacts of the small triple stranded ␤-sheet effectively shield the hormone region and are a commensurate condition for an A-form like hormone topology and also for disulfide-coupled folding. Additional reasons for the missing bioactivity of proguanylin and the fragment proguanylin (residues 63-94), like sterical properties, however, cannot totally be excluded.
